INTRODUCTION
This paper reports progress in on-going studies to validate UT modeling of nozzle inner radius examinations. In a previous paper [1] it was shown that geometric modeling and raytracing in the Windows-based software WARay3D predicts the geometry and location of search units needed to detect known defects in a nozzle mock-up. The present paper describes the addition of beam forming [2] and flaw response [3] modeling to W ARay3D and compares predicted amplitudes with those measured in the same nozzle mock-up. Beam forming and flaw response are formulated analytically and make use ofthe output of geometric ray tracing, which includes flaw detection and metal path leading to a computationally efficient hybrid approach. Correlation between predicted and measured amplitude drop is presented for ultrasonic signals from comer trap inspection of innerradius flaws. Reference signals are obtained from calibration tests using comer trap at a machined flat surface.
THEORY
Geometrie Modeling W ARay3D represents complex objects using the concept of blocky models, which describe a volume such as a nozzle-to-vessel geometry, by an aggregate of irregularly shaped sub-volumes separated by material interfaces. Both interfaces and inhomogeneaus volumetric material properties within regions are modeled parametrically, using a variety of analytical representations. These include Coons patches, tensor product B-splines and composite surface patches. The main advantages of this representation are that it has all the smoothness required to perform ray tracing (continuous second derivatives) and that it is concise, requiring only a few hundred words to describe fairly complex models.
Although the modeling approach is completely general, it has been specialized in W ARay3D to generic shapes such as nozzle-to-vessel geometry; safe end with bi-metallic weld; and turbine rotor discs with blade attachment. A user can develop one of these models in a few rninutes by entering geometrical and material properties of a physical nozzle, safe end or turbine disc into the appropriate table through the user interface. The parameterized geometric shapes are sufficiently general that they can represent most BWR nozzles, turbine discs and safe ends in use.
In addition to modeling the geometry of inspection volumes, flaws and search unit wedges are also represented by the blocky models. All blocky volumes are combined to make a 3-dimensional composite within which ray tracing represents the propagation of sound energy.
Ray Tracing
Although the general ray-tracing algorithm in W ARay3D applies to inhomogeneous, transversely isotropic materials, the present application is for isotropic, piecewise homogeneous media. The rays are orthogonal trajectories to wave fronts. The governing ray equations ~e derived either from the Eikonal equation or by invoking Fermat's principle of minimum time. The simplest form of ray tracing is shooting, in which the initial position and the initial direction ofthe ray are prescribed. We use shooting to initialize a sound path, for example from a known flaw to a scan surface; to verify coverage by a candidate search unit, for example using pulse-echo search technique; and to initialize two-point ray tracing in which the source and receiver locations are known but the path is not. Two-point ray tracing provides a natural framework for modeling pitch-catch inspections.
At the interface between two different materials, the ray direction changes discontinuously according to Snell's law. As a practical matter, the decision on which of the possible (in isotropic media) four ray paths to continue at each interface is made a priori. One can request a ray that starts at one surface and travels through the structure until it reaches interface I,, reflects or transmits, and ends up at interface Ir+ 1. The shooting algorithm produces discrete rays with the same format as the ones required by the twopoint solver. Thus, when a shot ray lands near a receiver it can be used directly to start a two-point iteration. A detailed ray signature is also produced; this is now an ordered sequence of regions Rl and patches Pl traversed by the rays that is needed by the two-point solver.
Beam Forrning
The geometrical ray tracing algorithm described above is capable of computing amplitudes taking into account geometric spreading, partition of energy at interfaces into reflected and transrnitted waves, phase shifts at caustics or at super-critical incidence, and polarity changes. However, we have elected to use technology developed at Iowa State University which is suited to the specific needs of UT inspection on account of explicit modeling ofbeam forrning and ofinteraction ofthe sound beam with an idealized flaw. In this approach, incident and transrnitted beams are assumed to have a generalized Gaussian form in which contours of equal amplitude and equal phase are ellipses, not necessarily aligned. This is called an elliptical Gaussian beam. When such an elliptical beam passes through a curved interface, as occurs between the search unit wedge and the outer blend or pressure vessel, Figure 1 , several parameters associated with the beam are affected. These are: a) change in radii of curvature ofthe wave fronts, b) change in amplitude and width of the beam, and c) rotation of the principal axes of amplitude contours and d) rotation of the principal axes ofphase contours relative to the axes ofthe amplitude. By knowing these quantities, the transmitted beam just inside the metal surface is constructed. Evolution of the beam during subsequent propagation can be predicted using the angular spectrum of the plane wave approach. In [2] results are presented for the case of a planar transducer with Gaussian radiation pattem. A beam is propagated through a cylindrical interface. The propagation of the elliptical Gaussian beam is illustrated in Figure 2 for two different angles of twist ofthe search unit with respect to a radial axial plane ofthe cylinder. At the interface (z=O), the transmitted amplitude has an elliptical shape determined by the angle of incidence (beam angle). With increaslng distance from the interface, defocusing due to the curved interface makes the beam grow along that principal axis of the phase which is nearly perpendicular to the axis ofthe cylinder; i.e. the beam defocuses along this principal axis. Although focusing and defocusing effects are defined in the far field using this approach, more work is required to define the near field behavior of the beam as it leaves the interface.
Flaw Response
To predict the electric voltage signal which arises from backscattering of an ultrasonic beam from a crack, Auld's reciprocity formula [4] is used. In that formula, Auld uses a single, dimensionless reflection coefficient r which is directly proportional to electromagnetic fields in the cable. Then, for nonpiezoelectric elastic media and general pitch-catch geometries, he derived a relationship for the change in r that is produced in the presence of a flaw. Applying his formula to the case of a surface-breaking flaw, Figure 3 , the following expression is derived:
In Equation 1, Vx, Vy and Vz are velocities which occur in the presence ofthe flaw, and Sxz, syx, Szz are stresses which occur in absence of the flaw. The velocities and stresses are defined in the crack coordinate system, Figure 3 . To compute the integral in Equation I, the Kirchoff approximation is used. In this formulation, tip diffraction is not considered and the Kirchoff approximation fails if the crack is insonified at large angles with respect to the z-axis ofthe crack (zc). The change in reflection coefficient dr is frequency dependent. To predict the response from a crack, the Fourier spectrurn ofthat signal must be used. To determine the observed voltage, this reflection coefficient must be multiplied by the spectrum of a signal emitted by the transducer, which can be determined from a reference pulse-echo signal from a known surface, Figure 4 . The output ofthe frequency filter is the spectrum ofthe signal emitted by the transducer, which is convolved with the crack model to predict the signal. The role ofray tracing in the present analytic model ofbeam forming and flaw response is to calculate the metal path from which beam spreading is computed. This is used both to compute geometric attenuation and to determine the size of the sound beam that interacts with the flaw.
EXPERIMENT
Experiments were performed at the EPRI NDE Center, Charlotte, NC, to obtain measurements of the reference signal. The experiments were conducted using 2.25 Mhz, transducers. Two different inspection geometries are considered. In each, the flaw tobe detected is in the inner blend region of a full-size BWR nozzle mock up. The same flaw was detected by a 1.27 cm x 2.54 cm search unit placed on the outer blend; and by a 1.27 cm diarneter search unit placed on the vessel. The first case was considered in a previous study [1] in which the location ofthe search unit was predicted by WARay3D and then verified by detecting the flaw using the search unit in the predicted location. The results of that study for the flaw and transducer position on the blend is summarized in Table I . The advance represented in the present work is to predict the amplitude of response of one flaw which was detected as reported in [1].
Calibration blocks resemble the inspection geometry, as shown in Figure 5 . For the probe on the vessel , the calibration block is flat, representing the large diameter of the vessel. For the probe on the blend, the scan surface oftheblock is concave, representing the curvature ofthe outer blend, while one reflection surface is convex representing the inner blend. In both cases, the reference signal is obtained by comer trap reflection at the flat surface. Other calibration geometries which could be used are side-drilled or flat-bottom holes. The metal path in each calibration is approximately 4.6 inches. A frequency-dependent measurement model is needed to compute a scaling factor to be applied to the flaw response model. The procedure is shown schematically in Figure 4 . The time history of output voltage, or reference signal, generated in pulse-echo mode for the blend exam calibration is shown in Figure 6 ; the reference signal for the vessel exam calibration differs only in detail. The reference signal is input to the flaw response module ofW ARay3D where a frequency-dependent correction factor, or measurement model, is calculated that makes the predicted and observed pulse-echo signals equal for each calibration case. The Fourier spectrurn for the blend exam measurement model, shown schematically in Figure 4 , is perrnanently embedded in the flaw response software where it is used subsequently with geometry, metal path and other parameters ofinner radius inspections to predict flaw response. Due to the difference in geometry of the scan surface, the measurement model for the vessel exam differs somewhat, and hence is computed and stored separately. 
APPLICA Tl ON
To evaluate the implementation ofbeam forming and flaw response softwarein W ARay3D, inner radius exarninations from the vessel and blend were conducted at the EPRI NDE Center using the BWR nozzle mock up. Ray tracing provides the metal path and verifies that the location ofthe search unit is appropriate to detect the flaw. A screen image of the ray tracing for the blend exarn is shown in Figure 7 , which illustrates comer trap detection of a flaw in the inner blend by a search unit on the outer blend. The vessel exarn is similar. The signal emitted by the transducer and the predicted A-scan response are shown in Figure 6 . Evaluation of the flaw response model is made by comparing predicted and measured dB drop between maximum arnplitudes of emitted signal and flaw response. Table II compares the result of the calculation with the measurement in terms of dB drop between amplitude emitted by the transducer and that received after reflection from the flaw.
Agreement is satisfactory for the case of search unit on the outer blend. In this case the assumptions ofthe flaw response model with regard to incidence angle, polarity and other properties of the sound incident on the flaw are realized in the physical mock up. No response is calculated for the case of search unit on the vessel. This is because the response model does not take into consideration bearn polarization effects.
CONCLUSIONS
In this study, pulse-echo ultrasonic inspection of a nozzle innerradiuswas modeled using a hybrid approach in which flaw detection and metal path are found by ray tracing and amplitudes are predicted using analytical models ofbeam forming and flaw response. This hybrid approach is computationally efficient on Windows-based PC's.
